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Hydrogenetic ferromanganese crusts are considered a faithful record of the isotopic composition of 
seawater influenced by weathering processes of continental masses. Given their ubiquitous presence in 
all oceans of the planet at depths of 400–7000 meters, they form one of the most well-distributed and 
accessible records of water-mass mixing and climate. However, their slow accumulation rate and poor age 
constraints have to date limited their use to explore 100 ka paleoclimatic phenomena. Here it is shown 
how the Pb isotope signature and major element content of a Fe-Mn crust from the north-east Atlantic 
responded to changes in the intensity and geographic extent of monsoonal rainfall over West Africa, as 
controlled by climatic precession during the Paleocene. The studied high-spatial resolution (4 μm) laser-
ablation multi-collector inductively coupled plasma mass spectrometer (LA-MC-ICP-MS) Pb isotope data 
is a nearly 2 order of magnitude improvement in spatial and temporal resolution compared to micro-drill 
subsamples. The record demonstrates cyclicity of the 206Pb/204Pb and 208, 207Pb/206Pb ratios at the scale 
of single Fe-Mn oxide laminae, in conjunction with variations in the Fe/Mn ratio, Al, Si and Ti content. 
Time-frequency analysis and astronomical tuning of the Pb isotope data demonstrates the imprint of 
climatic precession (∼20 ka) modulated by eccentricity (∼100 and 405 ka), yielding growth rates of 
1.5–3.5 mm/Ma consistent with previous chemostratigraphic age models. In this context, boreal summer 
at the perihelion causes stronger insolation over West Africa, resulting in more intense and geographically 
extended monsoonal rainfalls compared to aphelion boreal summer conditions. This, in turn, influences 
the balance between the weathering endmembers feeding the north-east Atlantic basin. These results 
provide a new approach for calibrating Fe-Mn crust records to astronomical solutions, and allow their 
isotopic and chemical archive to be exploited with an improved temporal resolution of 1000–5000 years.
© 2020 Copyright British Geological Survey (c) UKRI 2020. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Astronomical parameters are one of the major drivers of climate 
on timescales of 104–105 years. These result in high-frequency 
variations superimposed on long-term changes controlled by tec-
tonic processes (106 years) (Zachos et al., 2001). Quasi-periodic 
oscillations in Earth’s astronomical parameters, comprising preces-
sion (the wobbling movement of Earth’s rotational axis), obliquity 
(the tilt of Earth’s rotational axis) and eccentricity (the shape of 
Earth’s orbit around the sun) affect the distribution and amount of 
solar energy received by the atmosphere.
The development of the astronomical theory allowed prediction 
of prevailing paleoclimate conditions in the geological past, with 
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(http://creativecommons.org/licenses/by/4.0/).major importance to the fields of anthropology, including studying 
the impact of African climate on hominid evolution and migra-
tion (Bonnefille, 2010). Numerous models have been produced to 
show how climate in this region has evolved due to changes in the 
position and intensity of the tropical rain belt over North Africa. 
The extent of the topical rain belt in this region is affected by 
changes in the average position of the Intertropical Convergence 
Zone (ITCZ), as a result of precession-induced high or low insola-
tion conditions occurring about every 20 ka (Tierney et al., 2011; 
Skonieczny et al., 2015; Liu et al., 2019). High-temporal resolu-
tion palynological and sedimentological records from African lakes 
and offshore records demonstrate the regular alternation of dryer 
and wetter climates over northern Africa (Abouchami and Zabel, 
2003; Tierney et al., 2011). Here it is reported how deep-oceanic 
hydrogenetic ferromanganese (Fe-Mn) crusts record information 
on astronomically induced hydroclimatic change over North Africa vier B.V. This is an open access article under the CC BY license 
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during this period.
Since the 1990’s, deep-sea hydrogenetic Fe-Mn crusts have been 
used for long-term (resolution ∼0.5 Ma) paleoceanographic re-
constructions (Abouchami et al., 1997; Christensen et al., 1997). 
These reconstructions rely on using a variety of radiogenic iso-
topes (e.g. Nd, Hf, Pb) to decipher water-mass provenance and 
mixing through time, and the intensity and source of weathering 
inputs from continental environments (Frank et al., 1999; Reynolds 
et al., 1999; Frank et al., 2002; Van De Flierdt et al., 2003). Fe-
Mn crusts form by the extremely slow accumulation (few mm per 
million years; mm/Ma) of highly reactive Fe and Mn oxyhydrox-
ide colloids on indurated substrates in the ocean (Lusty et al., 
2018). These characteristics result in the Fe and Mn oxide lay-
ers scavenging dissolved trace metals from seawater, which means 
they form condensed archives of paleo seawater composition influ-
enced by the weathering inputs from continental masses, aerosols 
and hydrothermal sources (Koschinsky and Hein, 2017). The main 
limitations in the application of these records are the reliabil-
ity of age-models over the Cenozoic, which are derived from a 
variety of radiogenic (Be, Os, Th) measurements, biostratigraphic 
analysis and empirical methods (Co-chronometers), and their poor-
temporal resolution as a result of the very slow accumulation rates 
(Josso et al., 2019).
A link between astronomical parameters and changes in the 
primordial texture and geochemistry of Fe-Mn nodules was sug-
gested by Han et al. (2003) whilst glacial-interglacial variations in 
Pb isotopes data were highlighted previously (Abouchami et al., 
1997; Christensen et al., 1997). However, the detailed mechanism 
by which changes in astronomical parameters were transferred to 
marine Fe-Mn oxides was not conclusively established because of 
the variety of potential environmental influences on chemical vari-
ability in Fe-Mn crusts (latitudinal migration, depth variation, bio-
productivity, oceanic currents) (Mizell et al., 2020). A further chal-
lenge for assessing the influence of astronomical parameters on 
Fe-Mn crust composition is the limited sampling resolution of tra-
ditional micro-drilling method of these deposits, and uncertainty 
in dating. In this study, laser-ablation multi-collector inductively 
coupled plasma mass spectrometry (LA-MC-ICP-MS) was used to 
acquire Pb isotope data at a high spatial-resolution of 4 μm, which 
represents an improvement of two orders of magnitude compared 
to a continuous 500 μm micro-drilling study. This temporal reso-
lution makes it possible to unequivocally investigate the imprint 
of the astronomical parameters. Lead isotopes in marine records 
have previously been shown to correlate closely with climate vari-
ations over the last 7 Ma (Christensen et al., 1997; Gutjahr et 
al., 2009), and be free of influence from stochastic geochemical 
variations. The data presented here demonstrate that marine fer-
romanganese precipitates recorded the different weathering input 
from West Africa as a result of latitudinal migration and intensity 
variation of the tropical rain belt controlled by astronomical pa-
rameters.
2. Materials and methods
The Fe-Mn crust sample 085_004 used in this study was ob-
tained from Tropic Seamount (23◦ 53.77 N, 20◦ 46.06 W), 450 km 
from the coast of West Africa, at a water depth of 1130 metres be-
low sea level, during the JC142 expedition, which formed part of 
the “MarineE-Tech” research project (Fig. 1). A remotely operated 
vehicle (ROV) mounted-drill produced a 20 cm long core by drilling 
through a Fe-Mn crust pavement. This comprised 15 cm of layered 
Fe-Mn oxides, sitting on top of a phosphatised, biogenic debris-rich 
carbonate substrate (Fig. 1, Josso et al. (2020b)). Ages were derived 
using Bayesian statistical modelling of Markov Chain Monte Carlo 
simulations employing a combination of Co chronometry, Os iso-2
Fig. 1. (A) Location of Tropic Seamount in the north-east Atlantic. (B) Cut section of 
core 085_004 showing the presence of three Fe-Mn oxide macro-layers resting on a 
carbonate substrate (modified from Josso et al. (2020b)). The white rectangle high-
lights the zone of interest for this study. An electron-back-scatter map of this area 
is presented in Fig. 2. See Josso et al. (2019) for details on establishment of the age 
model and Josso et al. (2020b) for a complete description of the geochemistry and 
textures of the core. (For interpretation of the colours in the figure(s), the reader is 
referred to the web version of this article.)
topes and U-Pb dating as the constraining parameters (Josso et al., 
2019). The Fe-Mn crust initiated its growth in the Late Cretaceous 
(75 ± 2 Ma), followed by alternating periods of growth and erosion 
(Fig. 1). Another study (Josso et al., 2020a) explored the long-term 
Pb and Nd isotopic variations of this sample over the last 75 Ma 
in the context of an evolving oceanic basin and climate through-
out the Cenozoic. The present investigation focuses in high-detail 
on a 7 mm stratigraphic interval (125–118 mm from the top of the 
sample), selected because of optimal temporal and textural control 
(Fig. 2). This stratigraphic interval spans the early Paleocene and 
its age is constrained between 65.1 ± 0.7–63.0 ± 0.6 Ma (Josso et 
al., 2019) (2σ precision). Well-defined alternating laminated and 
columnar horizons (Fig. 2) are present in this interval, with trace-
able individual oxide laminae across the area of data acquisition, 
thereby providing a strong stratigraphic and spatial control on the 
data collected (Fig. 2).
All measurements were carried out on a 100 μm thick pol-
ished thin section of the sample. Backscatter electron imaging and 
energy dispersive X-ray measurements for elemental distribution 
were performed on an FEI Quanta 600 scanning electron micro-
scope (SEM) fitted with an Oxford Instruments INCA Energy 450 
X-ray microanalysis system. Elemental mapping was performed 
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Fig. 2. Backscatter electron microscope image of the area studied in sample 085_004 showing intervals of laminar Fe-Mn oxides alternating with a columnar texture in which 
the intercolumnar space is filled by carbonate-fluoro-apatite (Josso et al., 2020b). The transect and zones analysed for Pb isotopes by LA-MC-ICP-MS and phase mapping by 
SEM are shown in the overlay. The black rectangles represent the zones shown in Figs. 3 and 4. The 207Pb/206Pb (±0.015%, 2σ ) isotope profile used for cyclostratigraphy is 
shown on the right hand side. The complete dataset is available in supplementary information (DOI: https://doi .org /10 .5285 /7a9eb43f -a5c4 -450c -9fe1 -c60f2703a1d1).with a 20 kV acceleration voltage and a 10 mm working distance. 
Twenty-eight areas with ∼20% spatial overlap were collected at 
beam currents of ∼2 nA with INCA process time 3, for a total of 
∼50 million counts per field of view. Areas were stitched together 
using the INCA Montage module. Phase distributions, principally 
defined by variations in Fe/Mn ratios, were obtained using the 
INCA PhaseMap module and individual element distribution maps 
are contained in the Supplementary Material 1.
Pb isotope data were acquired using LA-MC-ICP-MS on the thin 
section. An Elemental Scientific Lasers NWR193UC laser ablation 3
system was coupled to a ThermoScientific Neptune Plus MC-ICP-
MS. Data were acquired in continuous transects using a letterbox 
format (2 ∗ 150 μm) ablation spot rastering perpendicular to the 
sample layering at 2 μm/s with one integration every 0.262 sec-
onds. Pb isotope signal variations between integrations were se-
vere, requiring manual correction for amplifier tau signal decay 
effects prior to time-resolved data analysis and processing using 
Iolite (v.3.65) data reduction software (Paton et al., 2011). Data 
were normalised to Nod-A-1 (Baker et al., 2004) as the primary 
reference material and the data output at the integration level for 
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Table 1
LA-MC-ICP-MS data of all analysed reference material presented as the average ±2s%. Data from Baker et al. (2004) and GEOREM (Jochum et al., 2005) are presented for 
comparison.
206Pb/204Pb 2s% 207Pb/204Pb 2s% 208Pb/204Pb 2s% 208Pb/206Pb 2s% 207Pb/206Pb 2s%
NodP Baker et al., 2004 18.7000 0.0323 15.6380 0.0170 38.6970 0.0216 2.06936 0.0389 0.836257 0.0365
GeoREM 18.697-18.7081 15.629-15.638 38.669-38.699 2.06850 0.835800
laser ablation (n = 44) 18.7029 0.0150 15.6336 0.0115 38.6895 0.0132 2.06854 0.0073 0.835821 0.0095
JMn1 laser ablation (n = 44) 18.7579 0.0112 15.6343 0.0109 38.7244 0.0147 2.06449 0.0063 0.833423 0.0048
HRM laser ablation (n = 69) 18.8819 0.0085 15.7019 0.0083 39.0147 0.0121 2.06640 0.0048 0.831569 0.0037plotting as a continuous profile. Nod-P-1, JMn-1 and an in-house 
material (HRM) prepared from a homogenised quantity of Fe-Mn 
crust from Tropic Seamount, were analysed during the same ses-
sions to validate the results by comparison to published and/or 
in-house results determined by solution calibration. In order to 
maintain consistent analytical conditions between reference ma-
terials and sample thin sections, the powdered reference materials 
were mixed with resin, mounted on a glass-slide and then polished 
to produce a flat surface for laser ablation, rather than prepared as 
wax-bound pressed-pellets. The latter were found to have an er-
ratic ablation behaviour during ablation tests. During each analyti-
cal session, all uncertainties were propagated for the scatter shown 
by Nod-A-1. Following this, no validation materials had excess scat-
ter within a session. Nod-P-1 produced data within the range given 
in the GeoRem database and close to the Baker et al. (2004) val-
ues. These, and laser-ablation values determined for JMn-1 and 
HRM, are contained in Table 1. Values represent the reproducibil-
ity over eight analytical sessions. This study demonstrated Nod-P-1 
and JMn-1 to be more heterogeneous than HRM in their Pb-isotope 
composition. Both are more coarsely ground than HRM. No inter-
session scatter was apparent in the HRM 207Pb/206Pb data. The 
long-term weighted mean of HRM was 0.8316±0.0037% (95% con-
fidence), indicating a bias relative to solution values of 0.0138%. 
A total 207Pb/206Pb uncertainty of 0.015% (2σ ) was therefore esti-
mated for propagation to sample data.
To confirm that the observed cycles were not analytical arte-
facts, the instrument response time and wash out time were in-
vestigated to calculate the spatial resolution at which mixing can 
occur during laser rastering. The clear physical boundaries that re-
sult from fractures in the Fe-Mn crust and filled by epoxy resin, 
provided an ideal location to test the spatial resolution (Fig. 2
and 3). A drop in total ion beam signal to baseline values was ob-
served in 2 s as the laser transitions from Fe-Mn crust to epoxy 
resin (Fig. 3). This implied that at a raster scan speed of 2 μm/s, 
mixing of Pb isotope measurements could be discriminated be-
tween end-members separated by 4 μm. This signal smoothing was 
therefore unlikely to affect the measured 207Pb/206Pb minima and 
maxima of each Fe-Mn oxide laminae, which were separated by 
10–40 μm.Fig. 3. (A) Extract of the 207Pb/206Pb signal shown in Fig. 2 and total beam intensity. (B)
when it crosses a fracture in the sample.
4
A 7 mm transect was analysed (125–118 mm from the top of 
the sample, 65.1 ± 0.7–63.0 ± 0.6 Ma Josso et al. (2019), Fig. 1
and 2), covering the whole interval of interest, whilst a smaller 
zone was mapped to investigate: (i) correlation with major el-
ement geochemistry; and (ii) 207Pb/206Pb lateral continuity and 
repeatability of the measurements (Fig. 2 and 4). The 7 mm tran-
sect was used for cyclostratigraphic analysis to investigate domi-
nant periodicities and their origin. Data collected from desiccation 
fractures were omitted and the remaining data stitched back to-
gether, assuming no substantial loss of material. As part of the 
astrochronology data processing, the 207Pb/206Pb data were inter-
polated to 4 μm, detrended using a high-pass filter (preserving 
periods <500 kyr), and then normalised by dividing by the stan-
dard deviation. Evaluation of amplitude modulation was investi-
gated using the TimeOpt scripts (Meyers, 2015). The complete Pb 
isotope data set and processing scripts are described in supple-
mentary material and available here (DOI: https://doi .org /10 .5285 /
7a9eb43f -a5c4 -450c -9fe1 -c60f2703a1d1). Band-pass filters with 
Hilbert transforms were used to track the principal frequencies 
and their amplitudes, and their statistical significance confirmed 
(see Supplementary Material 2).
3. Results
3.1. Pb isotope and major element variation
The 207Pb/206Pb trace has an overarching trend ranging from 
0.828–0.833 (Fig. 2). It shows clear regular higher-frequency os-
cillations that have an amplitude of 0.12–0.18% of the 207Pb/206Pb 
ratio and a periodicity of 10–80 μm (Fig. 2 and 4). Additional lower 
frequency cycles occur at interval of about 300 μm.
High-resolution SEM elemental mapping of a laminated inter-
val (1.25 ∗ 1.75 mm, Figs. 2 and 4, Supplementary Material 1) 
demonstrates the regular alternation in the concentration of major 
elements. The 10–80 μm thick laminae present in the backscatter 
electron imaging reflect the composition variation in the deposit, 
marked by oscillations of the Fe/Mn ratio between adjacent lam-
inae. In this laminated interval, a positive correlation is present 
between high Fe/Mn ratios and the concentration of Al, Si and 
Ti (Supplementary Material 1). The pervasive impregnation of the Close up of the signal decay as the laser transitions from Fe-Mn crust to epoxy resin 
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Fig. 4. (A) Details of the laser-ablation pattern that produced the Pb isotope map 1, the Pb isotope dataset used for cyclostratigraphic analysis (2) and keys to colour scale 
of the Pb isotope map and SEM phase mapping (map 3) in panel B. CFA = carbonate-fluoro-apatite. (B) Geochemical phase mapping and 207Pb/206Pb mapping and transect 
data as shown on Fig. 2. This data and the close up demonstrate the positive correlation between high Fe/Mn ratio and high 207Pb/206Pb ratio. (C) Details of the Pb isotope 
data produced during the 91 ablation traces used to produce map 1 using similar colour-coding.crust by carbonate-fluoro-apatite (CFA), occurring as veinlets and 
small nodular masses sealing Fe-Mn oxide porosity (Josso et al., 
2020b), is also clearly visible in the phase mapping data.
The high-resolution Pb isotope map (Fig. 4) also clearly shows 
the cyclical nature of the Pb isotope data. Map 1 represents a col-
lation of 91 horizontal laser ablation traces (150 ∗ 5 μm) running 5
parallel to the Fe-Mn oxide layering, with 2–3 ablation traces per 
laminae. An extract of the whole Pb isotope transect is also pre-
sented as an overlay on the SEM backscatter image and the SEM 
Fe/Mn ratio map.
High-frequency cycles are also observed in the 208Pb/206Pb 
and 206Pb/204Pb trends (Supplementary information, DOI: https://
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Fig. 5. TimeOpt analysis performed in Astrochron (Meyers, 2015). (A) 207Pb/206Pb processed using standard methods (see Methods) prior to cyclostratigraphic analysis. 
(B) Periodogram of the 207Pb/206Pb data, using the TimeOpt growth rate of 2.7 mm/Myr. Grey and black lines are log and linear spectra, respectively. Dashed red lines 
are the precession and eccentricity periods. Yellow shaded area in (B) has been used for band-pass filtering in (C), with instantaneous amplitude in red determined via 
Hilbert transform. (D) Amplitude of band-pass filtered 207Pb/206Pb (red) compared with eccentricity model reconstructed by TimeOpt (Meyers, 2015). (E) Growth rates versus 
resulting squared Person correlation coefficients for envelope fit (r2, red dots) and spectral power fit (r2, grey line), which are combined in (F). Highest r2 fit of 0.038 is at 
∼2.7 mm/Myr (rounded from 2.668 mm/Myr). (G) Significance of maximum observed r2 (from F) based on 2000 Monte Carlo simulations with AR1 surrogates (ρ = 0.826), 
yielding a p value of 0.005 (i.e., reject null hypothesis at 99.5% confidence level). (H) Cross plot of the amplitude of band-pass filtered 207Pb/206Pb and of the TimeOpt 
eccentricity model. Red dashed line is the 1:1 line.doi .org /10 .5285 /7a9eb43f -a5c4 -450c -9fe1 -c60f2703a1d1). The
206, 207, 208Pb/204Pb ratios evolve over the stratigraphic interval 
considered, cycling between more radiogenic and more common 
Pb signatures. The 207, 208Pb/206Pb mirror this pattern, with low 
207, 208Pb/206Pb ratio oscillations matched by radiogenic excursions 
in the 206Pb/204Pb domain. This suggests a dominantly uranogenic 
as opposed to a thorogenic source for the radiogenic Pb in this 
sample. Notably, average Pb concentrations of the Fe-Mn crust are 
2600 ± 1000 (2σ ) ppm whilst average U concentrations are 13 ± 4
(2σ ) ppm (Josso et al., 2020b), excluding the possibility of in-situ 
radiogenic ingrowth as a source of the Pb isotope variation.
Overlaying the 207Pb/206Pb laser-ablation data on the Fe/Mn 
phase map highlights their synchronicity, with high Fe/Mn ratios 
positively correlating with higher, less radiogenic 207Pb/206Pb ra-
tios. This correlation raises the possibility that analytical artefacts 
(matrix effects), related to the Fe/Mn variation could be respon-
sible for the Pb isotope variations observed. Since Fe oxyhydrox-
ides (rather than Mn oxides) dominantly scavenge Pb chloride and 
carbonate complexes in seawater during hydrogenetic precipita-
tion (Koschinsky and Halbach, 1995), a positive correlation be-
tween Fe/Mn and the total Pb concentration would be expected. 
Cross-wavelet transform and squared wavelet coherence between 6
207Pb/206Pb and total Pb beam intensity (Supplementary Mate-
rial 3) shows that these two parameters are not phase-locked, de-
spite occasional similar periodicities, therefore ruling out a causal 
relationship between Pb ion beam intensity and observed oscilla-
tions in the Pb isotopic ratios. Equally, although of lower measure-
ment precision, the total lack of 205Tl/203Tl variation or correlation 
with Pb isotope signature (Supplementary Material 4), is evidence 
against Pb isotope variations being caused by matrix changes, 
when Tl isotope systematics would be expected to respond in a 
similar way.
3.2. Age control and astronomical tuning
Due to the potential range of geologic and climatic stochastic 
factors that could influence the Pb isotope record, it is important to 
evaluate the statistical validity of these cycles compared to known 
astronomical changes. Cyclostratigraphic analyses using wavelets 
and band-pass filters (Supplementary Material 2 and 5) indicate 
statistically significant (at 95% confidence level), high-frequency 
variability with periods of 60–80 μm in the lower 2000 μm of the 
record, and a transient decrease to lower periods of 30–50 μm be-
tween 3000–5000 μm. In the lower half of the record (especially 
visible between ∼400–1000 μm), a cycle with a period of about 
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Fig. 6. Astronomical tuning of the 207Pb/206Pb data. (A) Original 207Pb/206Pb isotope data (Fig. 2), with pluses denoting age correlation points and ages for profile distance 
d = 0 μm and d = 5000 μm from Josso et al. (2019). (B) Detrended and normalised 207Pb/206Pb data with equal age spacing (see Methods) to emphasise the cyclicity with 
pluses denoting tuning tie points. (C) Astronomical solutions of Earth’s eccentricity: La2011 (Laskar et al., 2011), La2010b (Laskar et al., 2011), and Zb18a (Zeebe and Lourens, 
2019). (D) Growth rates resulting from cyclostratigraphic analysis (black) and Co-chronometry data (±2σ , in blue) for this stratigraphic interval from Josso et al. (2019), note 
the convergence in growth rate estimates between the two methods.250–400 μm generally modulates this high-frequency variability, 
i.e. about every 5 high-frequency cycles, approximately match-
ing the 5:1 ratio between precession and short eccentricity cycles 
(Laskar et al., 2004) (Supplementary Material 6).
To test whether climatic precession may drive the observed 
207Pb/206Pb variability, we use the TimeOpt script (Fig. 5) (Mey-
ers, 2015) as part of best practice methods (Sinnesael et al., 2019). 
The TimeOpt analysis confirms that climatic precession and eccen-
tricity likely drive the observed cyclicity in 207Pb/206Pb. This record 
therefore has high potential for astronomical tuning that provides 
complementary age control (Supplementary Material 7). The inter-
vals of subdued precession amplitude (i.e., eccentricity minima) in 
the 207Pb/206Pb data set are correlated to minima in the ∼100-
kyr eccentricity cycle of astronomical solutions (Laskar et al., 2011; 
Zeebe and Lourens, 2019), guided by the available absolute age 
control of 65.1 ± 0.7–63.7 ± 0.5 Ma (Fig. 6) (Josso et al., 2019). 
This tuning based on eccentricity cycles confirms that the higher 
frequency cycles reflect the imprint of climatic precession (Sup-
plementary Material 2). The absolute age control for the laminated 
interval (∼0–5000 μm) is also improved to ∼65.5–63.5 Ma (Fig. 6). 
Maximum age uncertainties of the tuning range between ∼10 s 
to ∼100 kyr and originate from the uncertainties in the available 
astronomical solutions. The accuracy of this tuning is confirmed 
statistically by the excellent agreement in bandpass filters with ec-
centricity bandwidths and the presence of significant precession 
cycles in wavelets (Supplementary Material 2) and also by compar-
ing the resulting growth rates. The growth rates obtained from the 
tuning, i.e., 2.5–3.5 mm/Ma in the older part and 1.5–2.5 mm/Ma 
in the younger part, are highly comparable to those independently 
obtained from Co-chronometry (Fig. 5 and 6) (Josso et al., 2019).
The textural variations between columnar and laminar struc-
tures also match the astronomical framework, with the columnar 
textures (∼1000, ∼2200, ∼3500 and ∼5100 μm, Fig. 2) coinciding 
with long-term (∼405-kyr) eccentricity minima, i.e., when sea-
sonal extremes are absent for a long period of time. In contrast, 
laminated textures coincide with ∼405-kyr eccentricity maxima, 
i.e., highest seasonality. It is notable that a columnar interval ap-7
pears to be missing around 4400 μm (Fig. 2). This could be ex-
plained by stochastic phenomenon or the occurrence of a rela-
tively high-amplitude short-term (∼100-kyr) eccentricity cycle in 
the ∼405-kyr eccentricity minimum (difficult to verify due to un-
certainties in the astronomical solutions, see Supplementary Ma-
terial 7). Changes in Fe-Mn oxide textures relate to the balance 
between varying biogenic and detrital input and the strength of 
the oceanic current. We hypothesise that the long-term reduction 
of seasonality during a long-term (∼405-kyr) eccentricity min-
ima yielded more quiescent climatic and oceanic conditions whilst 
favouring biological activity (Zachos et al., 2010). These conditions 
may have been consistent with more abundant carbonate precipi-
tation and/or higher detrital accumulation resulting in the forma-
tion of more columnar textures (Josso et al., 2020b).
4. Discussion
4.1. Mechanisms for varying Pb isotope signatures in Fe-Mn crusts
Independent dating techniques and statistical analysis indicate 
these Pb isotope oscillations reflect changes in the climatic pre-
cession cycle and are most likely associated with changes in the 
amount of major and trace elements entering the marine environ-
ment. In Pb-Pb space, the complete Pb isotope dataset plots along 
a single array with each high-frequency oscillation located within 
the same trend (Fig. 7). Therefore, the single array formed by the 
data can be explained in terms of simple binary mixing, reflecting 
varying proportions of each Pb endmember.
Pb isotope variations in the ocean as recorded by Fe-Mn crusts 
relate to changes in the intensity and provenance of the Pb in-
puts (riverine, hydrothermal, aeolian), or in response to changes in 
oceanic circulation pattern following opening or closing of gate-
ways leading to the mixing of various endmembers. A change in 
the radiogenic isotope signature of a water mass can only occur 
by addition from a reservoir with a different isotopic composition, 
as Pb isotopes are free from fractionation induced by tempera-
ture, evaporation and biological processes (Frank et al., 2002). From 
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Fig. 7. (A) 208Pb/206Pb vs. 207Pb/206Pb plot of the entire transect. Note how the data plot along a single trend suggesting simple binary mixing. (B) Extract of a single 
207Pb/206Pb oscillation, colour coded as a function of distance in the record (Fig. 2). (C) Spread of the single oscillation in Pb-Pb space (duplicated in panel A). The similar 
slope between the whole transect and each oscillation indicates that a two end-member mixing regime is likely to be responsible for the long- and short-term Pb isotope 
variations in this record.this perspective, the early Paleocene was a relatively stable pe-
riod of oceanic circulation in the North Atlantic with no significant 
opening or closing of oceanic seaways (Batenburg et al., 2018). 
The dominant source of deep-water formation was the southern 
region of the South Atlantic basin and northward flowing South-
ern Component Water filled most of the Atlantic basins (Thomas 
and Via, 2006; Batenburg et al., 2018). It is therefore unlikely that 
the signal was produced by the relative mixing of two seawater 
masses with different isotopic compositions following a sudden in-
flux of exotic water. Such a process was notably observed in Fe-Mn 
crusts proximal to the Drake Passage, the Isthmus of Panama or the 
Gibraltar straight (Abouchami et al., 1999; Frank et al., 1999). Fur-
thermore, such tectonic restructuring usually triggers regional scale 
reorganisation of the oceanic currents with a pronounced change 
in the isotopic signature, which would be hard to reconcile with 
the repetitive high-frequency oscillation of the record.
A potential hydrothermal or volcanic source for Pb in this 
record, whether proximal or distal within the Saharan Seamount 
Province (SSP) is unlikely. Eruption of the North Atlantic large ig-
neous province had not initiated yet (60.5–54.5 Ma) (Jolley and 
Bell, 2002) whilst the only volcanic activity in the SSP within the 
period relevant here was the formation of the Essaouira Seamount 
(Van Den Bogaard, 2013), 1200 km north-east of Tropic Seamount. 
It is unlikely that this volcanic activity or any other hydrothermal 
activity in the SSP was sustained so continuously over more than 
2 Ma. Although, major climatic events such as glacial-interglacial 
transitions may influence the volume of seawater and therefore the 
hydrostatic pressure on the global volcanic and hydrothermal ac-
tivity at mid-oceanic ridges (Lund et al., 2016), such a mechanism 
is hard to reconcile with astronomically-induced major sea-level 
changes in an ice-free period.
However, Pb isotope records from North Atlantic Fe-Mn crusts 
do show a strong response to the Northern Hemisphere glaciation, 
which caused significant weathering of the Canadian and Scan-
dinavian shield areas, resulting in the input of large amount of 
radiogenic material to the North Atlantic Deep Water (Burton et 
al., 1997; Abouchami et al., 1999; Foster and Vance, 2006). This 
suggests that the Pb isotope signature of seawater precipitates is 
dominantly influenced by local weathering and erosional factors. 
Accordingly, the most likely explanation for the Pb isotope varia-
tions observed in this record is changing contributions from the 
continental endmember. Tropic Seamount is located 450 km off 
the coast of West Africa, halfway between the Canary Islands and 
Cape Verde Islands. It lies in one of the main drainage regions 
for the Precambrian West African Craton (WAC), Hercynian colli-
sion belts and the Neoproterozoic sedimentary sequences of West 
Africa (Fig. 8). Given this mixture of cratonic and sedimentary ter-
ranes, it is likely that the oscillations observed in the Fe-Mn crust 
reflect a change in the influence of one or more geological compo-8
nents from western Africa. Pb isotope variations in seawater can 
result from varying proportions of input from multiple sources 
with distinct signatures, but also as a result of the incongruent re-
lease of Pb during weathering of a single end-member. During the 
early stages of continental weathering, preferential dissolution of 
U-containing accessory phases (allanite, monazite, titanite, apatite) 
releases more radiogenic Pb than represented by the bulk parent 
rock (Harlavan and Erel, 2002). The older the rock, the more radio-
genic this signature. This was previously highlighted as the reason 
for glacial-interglacial Pb isotopic variations in North Atlantic Fe-
Mn crusts and attributed to enhanced chemical weathering of old 
Canadian terranes under warmer and wetter temperatures during 
interglacial periods, which imparted a more radiogenic signature to 
the adjacent seawater (Foster and Vance, 2006). In contrast, during 
glacial periods physical weathering predominates, resulting in a Pb 
isotopic signature more reflective of the whole rock composition. 
To explore the role played by each weathering mechanism in the 
formation of the Pb isotope record obtained from Tropic Seamount, 
it is first necessary to understand the climatic regime influencing 
the study area during the Paleocene.
4.2. Climate implications
Africa’s modern-day tropical climate is characterised by the an-
nual alternation of semi-arid conditions and monsoonal precip-
itation around the equatorial belt. This is the manifestation of 
seasonal migration of the Inter-Tropical Convergence Zone (ITCZ), 
the longitudinal corridor where trade winds from the two hemi-
spheres converge (Nicholson, 2009). This effects the position of 
the tropical rain belt, which naturally follows insolation, migrat-
ing northward in the boreal summer and southward in the austral 
summer (Nicholson, 2009).
Numerous climate models show that over the course of climatic 
precession cycles, stronger boreal insolation results in an increase 
in summer temperatures over northern Africa, leading to a merid-
ional pressure gradient, enhanced moisture transport from the At-
lantic Ocean towards North Africa, and increased precipitation in 
the region (Demenocal and Tierney, 2012; Prömmel et al., 2013). 
Consequently, insolation directly influences the intensity and ex-
tent of northward migration of the tropical rain belt. It is estimated 
that a 7% increase in solar radiation over a climatic precession cy-
cle could result in a 17–50% increase in African monsoonal rainfall 
(Demenocal and Tierney, 2012).
There is considerable evidence that the geological record of 
tropical Africa has been sensitive to precessional variability in in-
solation, causing changes in wind patterns, precipitation, and net 
freshwater flux (Kuechler et al., 2013). This is largely recognised in 
the recent (<2 Ma) African climate whereby latitudinal changes in 
the position of the ITCZ influenced the proportion of dust, pollen 
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Fig. 8. Model illustrating the impact of climatic precession on insolation, the distribution and intensity of monsoonal rainfall over West Africa during the Paleocene, and the 
resulting Pb isotope and detrital contributions to the north-east Atlantic Basin. The Tamanrasett watershed and main course are based on Skonieczny et al. (2015), the extent 
of paleo monsoonal region in the Paleocene is based on Liu et al. (2019), whilst the paleo-shoreline for the Paleocene marine transgression is after Luger (2003). WAC =
West African Craton, SCW = Southern Component Water.and other biomarkers in lake records in tune with astronomical pa-
rameters (Kuechler et al., 2013). Similarly, marine records proximal 
to the Congo River and Sierra Leone Rise demonstrate the influence 
of astronomical forcing on the flux, source and provenance of the 
terrigenous inputs in these basins during both the Pleistocene and 
Cretaceous (Abouchami and Zabel, 2003; Beckmann et al., 2005).
Although no major river system currently drains the Western 
Sahara, this region experienced recurrent humid episodes in the 
late Quaternary, associated with the development of vast fluvial 
networks. The presence of large erosive submarine canyons and 
fluvial sediments on the western African margin, such as the Cape 
Timiris Canyon, and identification of large paleodrainage networks; 
e.g. the Tamanrasett watershed, buried under recent sediments, 
support the idea that large volumes of discharge occurred dur-
ing African humid periods (Skonieczny et al., 2015). Based on this 
interpretation, the extended Tamanrasett watershed drained the 
southern Atlas, the western portion of the Hoggar Mountains, cur-
rently in south-east Algeria, and a major portion of the Taoudeni 
sedimentary basin. The African Humid Period was concurrent with 
the northernmost position of the tropical rain belt during high bo-
real insolation periods (Fig. 8) (Tierney et al., 2011; Skonieczny et 
al., 2015).
Older proxy records of C and O isotopes, aeolian sedimenta-
tion and palynological studies indicate that a greater proportion of 
Africa had a humid climate and was covered by extensive wood-
lands and forests, in contrast to the arid and semi-arid condi-
tions that prevail today (Bobe, 2006). Although the Paleocene and 
Eocene were the warmest periods in the Cenozoic, this did not re-
sult in arid or desert conditions as Africa was bathed to the north 
and east by the shallowing Tethys seaway. Notably, the Paleocene 
shoreline extended far in-land over most of North Africa and Gulf 
of Guinea (Fig. 8, Luger (2003)). Warm oceanic conditions lead to 
abundant atmospheric moisture and high precipitation on the con-
tinent (Zachos et al., 2001; Bobe, 2006).9
Furthermore, the African continent migrated northward by 
8–10◦ over the last 65 Ma (Van Hinsbergen et al., 2015). As a 
result, in the Early Paleocene, the equatorial rain belt was located 
over most of the southern part of western Africa. The tropical rain 
belt and monsoons extended as far north as the southern edge of 
the current location of the Atlas mountains during high boreal in-
solation periods (Fig. 8) (Liu et al., 2019). It is therefore plausible 
that the (paleo)Tamanrasett drainage network was active in the 
Paleocene, either permanently or temporally, with potentially high 
quantities of freshwater run-off augmented by monsoonal precipi-
tation.
For these reasons, it is considered that rivers were the domi-
nant vector for the transport of Pb from West Africa to the ocean 
during the Paleocene and that incongruent weathering is unlikely 
to play a major role in changing contributions from the continent. 
Although Saharan dust currently plays a major role in the budget 
and fertilisation of the Atlantic Ocean, it is unlikely aerosols were 
abundant in the Paleocene given the warmer climate, high pre-
cipitation, vegetation, and presence of shallow seas covering most 
of the current dust source areas (Luger, 2003). Earliest evidence 
for the aridification of North Africa are dated to the Tortonian 
(11.6–7.2 Ma) (Zhang et al., 2014; Herbert et al., 2016).
4.3. Conceptual model
Given this climatic context, the contribution of the different 
western African source rocks to the average Pb isotope signature 
being transported to the north-east Atlantic can be summarised as 
follows:
- The exposed shield areas of the West African Craton; the 
Reguibat and Man Shield (Fig. 8), have a similar structure 
formed by a collage of Archean granitic terranes in the west 
and Paleoproterozoic high-grade metamorphic terranes in the 
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and petrology of these terranes, they represent the most ra-
diogenic endmember of West African geology.
- The Taoudeni Basin formed following subsidence and stabili-
sation of the Precambrian cratonic units about 1700 Ma ago 
(Rooney et al., 2010). This >2000 m thick sedimentary suc-
cession comprises Proterozoic to Paleozoic rocks derived from 
cratonic erosion and subsequent deposition in shallow to deep 
marine environments (Kah et al., 2012). Thin Mesozoic to 
Cenozoic age rocks cover the basin towards its centre, whilst 
large areas are covered by Quaternary sand dunes. Sedimen-
tary units from the Taoudeni Basin are likely to have a less 
radiogenic isotopic signature than the igneous and metamor-
phic Precambrian basement, and are closer in composition to 
the common Pb endmember of the dataset presented here.
Considering the paleogeographic and climatic reconstructions, 
the average Pb isotope composition of the weathering of West 
Africa represents a mixture between the continuously weathered 
Precambrian Man Shield under equatorial conditions, and vary-
ing contributions from the younger Pan African belt and Taoudeni 
Basin, as a function of monsoonal rainfall impacted by preces-
sion (Fig. 8). Therefore, during periods of high boreal insola-
tion, more intense monsoons, which covered a larger geographical 
area, increased the contribution of sedimentary material from the 
Taoudeni Basin to the north-east Atlantic, imparting a less radio-
genic isotope signature to the seawater. Whilst under these condi-
tions a larger Pb contribution from the Reguibat Shield would be 
expected and be similar to that of the Man Shield, it would remain 
a minor component relative to the total Pb flux from the Neopro-
terozoic and Palaeozoic sequences of the Taoudeni Basin.
In addition, this model provides a consistent explanation for 
the observed co-variation between Pb isotopes and major element 
variations in each lamination of the Fe-Mn crust sample. The el-
emental and isotopic mapping of the laminated section (Fig. 4, 
Supplementary Material 1) demonstrates that the least radiogenic 
Pb signature (low 206Pb/204Pb and high 207, 208Pb/206Pb), is associ-
ated with laminations that have high Fe/Mn ratios, and high Al, P, 
Si, Ti (Supplementary Material 1), which correspond to periods of 
high insolation based on the model outlined above. During the pre-
cipitation of Fe and Mn oxide colloids in seawater, these particles 
possess opposite surface charge and will, therefore, scavenge dom-
inantly anions and neutrally surface-charged particles or cations, 
respectively. The observed geochemical correlation between Fe and 
Al, Si, P and Ti follows this simple electrostatic scavenging model 
as Ti, Al and Si are largely present in seawater as neutral hy-
droxides (Al(OH)3, Si(OH)4, Ti(OH)4), whilst P is mostly present as 
HPO2−4 (Koschinsky and Halbach, 1995; Lusty et al., 2018). Iron is 
40–60 times more abundant than Mn in the Earth’s crust. There-
fore, more intense precipitation over a larger portion of the Taman-
rasett watershed during periods of high insolation would have led 
to the release of a larger amount of dissolved and particulate Fe 
into watercourses and seawater. Furthermore, given the dominant 
siliciclastic nature of the rocks of the Taoudeni Basin, the enhanced 
contribution from this endmember would also contributed addi-
tional Si, Al and Ti to seawater that has a more common Pb iso-
topic signature.
4.4. Mass balance calculation
The contribution from each endmember between precession 
maxima and minima is calculated using a simple mass balance 
calculation (Fig. 9). There is an absence of relevant Pb isotope 
data for the rock formations from this region. Therefore, Pb iso-
tope data for river water and sediments data from the Niger and 
Congo rivers provides the best estimates of the range of Pb values 10Fig. 9. 208Pb/206Pb vs 207Pb/206Pb plot of the Niger (Millot et al., 2004) and Congo 
fan sediments (Frank et al., 2003), suspended sediments from the Congo River trib-
utaries (Allègre et al., 1996), Saharan dust (Abouchami and Zabel, 2003) and Fe-Mn 
crust LA-MC-ICP-MS Pb data produced in this study. Owing to their broadly similar 
geological formations, data from the Congo River tributaries are considered to reflect 
the composition of the potential extreme Pb end-members resulting from drainage 
of the Man Shield, Reguibat Shield and Taoudeni Basin towards the north-east At-
lantic. The solid line represents the mixing trend between the two end-members 
assuming equal Pb concentrations.
entering the Atlantic Ocean that are derived from these terranes 
(Allègre et al., 1996; Frank et al., 2003; Millot et al., 2004) (Fig. 8
and 9). The Fe-Mn crust data plot in the middle of the range of 
reported values for the Congo tributaries that are draining mixed 
Precambrian cratonic units and Mesozoic sedimentary formations. 
These are a good analogue for the Man shield, Reguibat Shield 
and Taoudeni Basin of the West African Craton. The maximum 
amplitude of variation observed in the Pb isotope record during 
a half-precession cycle is 0.0017 in 207Pb/206Pb composition, and 
this varies from 0.8306 to 0.8289 near the base of the record 
(Fig. 2). Using the two extreme compositional values of the Congo 
tributaries (0.802–0.863) as endmembers and assuming constant 
weathering rates and equivalent Pb concentrations between the 
two endmembers given extreme dilution by seawater, a relative 
contribution change of ±2.8% of the less radiogenic endmember 
is required to explain the maximal variation observed in the Pb 
isotope data. Rainfall can be 17–50% higher during a climatic pre-
cession maximum compared to a minimum. Given the northern 
migration of the ITCZ during periods of high insolation, more in-
tense monsoonal conditions cover/effect larger areas of sedimen-
tary rocks relative to the constant weathering of cratonic shield 
units in the equatorial rain belt. Given the broad assumptions 
made for these calculations, this relative change in contribution 
seems plausible with the climatic reconstructions and rainfall vari-
ability between the two extremes.
5. Applications and conclusions
Frequency analysis of high-spatial resolution LA-MC-ICP-MS Pb 
isotope data measured in an Fe-Mn crust highlights the presence 
of ∼20, ∼100 and ∼405 ka cycles, representing the effect of astro-
nomical precession with eccentricity modulation. This cyclostrati-
graphic analysis yields growth rates of 1.5–3.5 mm/Ma consistent 
with previous estimates from Co-chronometry for this stratigraphic 
interval.
The isotopic and major element variations observed in this Fe-
Mn crust have been successfully correlated to periodic variation in 
the intensity and geographic extent of the tropical rain belt, which 
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the Northern Hemisphere.
This study represents the first time a precession signal has been 
identified with high statistical significance in oceanic Fe-Mn crusts. 
The use of LA-MC-ICP-MS for the production of high-resolution 
Pb isotope data opens up new opportunities for tracing the de-
velopment of these archives on astronomical time-scales. Indeed, 
given the 4 μm spatial resolution of the Pb isotope data and cy-
cles of ∼20 ka occurring over 40–80 μm, the temporal resolution 
achieved in this study ranges from 1000–2000 years. It therefore 
provides a powerful new tool for complementary, high-resolution 
dating of Fe-Mn crust sections. It also opens up the possibility of 
evaluating the precision and accuracy of the varied Fe-Mn crust 
dating techniques, by comparing the cyclostratigraphy of a recent 
portion of crust (<10 Ma) with its equivalent 10Be chronology, 
Th excess dating and Co chronometry. As was necessary for this 
study, such comparisons would require samples in which the re-
cent growth of Fe-Mn forms well defined laminations to provide 
good stratigraphic control on the data acquired and its spatial-
temporal resolution. Whilst Fe-Mn crusts are generally considered 
to be important long-term records of seawater isotopic and com-
positional trends, the findings of this study suggest there are many 
new opportunities for high temporal resolution paleoceanographic 
reconstruction using this approach.
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